Active Exchanges
Many of the transport processes encountered in biological systems can be explained in terms of physical forces such as diffusion force, electrical field and solvent drag (that is the frictional force exerted upon the molecular species in question by bulk flow of solution through pores in the membrane). When these forces do not suffice to explain the transport there is every reason to believe that it is energized by chemical reactions occurring in the membrane phase, that is active transport.
It appears from these considerations that in order to single out the processes which should be considered active one must be able to predict the behaviour of a molecular species which moves under the influence of the above-mentioned physical forces without associating with other moving species. In the absence of bulk flow the passive behaviour even in a composite membrane is described with good approximation by the flux equation (Ussing 1949) : Min/Mout=(co/ci) exp (zFE/RT) where Min is the inward flux, Mut the outward flux, co the concentration of the species in question solution, ci that in the inside solution, E the potential difference between the inside and the outside solutions; z is the charge of the ion, R the gas constant, T the absolute temperature, and F is Faraday's number.
The application of the equation can be illustrated by the analysis of the behaviour of chloride and sodium ions in the isolated surviving frog skin. In the case of chloride, under nearly all conditions the flux ratio is equal to the one predicted from the potential difference and the concentrations in the bathing solutions (Koefoed Johnsen et al. 1952) . The net inward transport of chloride which normally takes place (Huf 1935) must therefore be due to the electric potential difference which the skin normally maintains (the inside solution positive).
In the case of sodium the situation is different. The flux ratio found is always much higher than that predicted, indicating active transport of sodium. If, however, the skin is poisoned with dinitrophenol or cyanide, the flux ratio drops to that characteristic ofpassive behaviour.
In normal frog skin the bulk flow of water is insignificant so that the solvent drag term can be neglected. If amphibian skin, especially toad skin, is exposed to antidiuretic hormone, the water permeability increases, and an osmotic pressure difference will create an appreciable flow of solvent through the skin. In such a system, if the flow takes place through pores, the flux ratio equation may be written as follows ( where Aw is the volume rate of flow of solvent through unit area of the membrane, D is the diffusion coefficient in water of the species in question, A the fraction of the area which is available to flow, x the distance from the outside solution in the direction of flow in the membrane and xo the total thickness of the membrane.
The integral can be assumed to be the same for all molecules of about the same size and it can therefore be evaluated from experiments with molecules that are unchanged and not subject to active transport. Experiments of this type have been performed with isotopic water (Koefoed Johnsen & Ussing 1953) as well as with acetamide and thiourea (Andersen & Ussing 1957) and the results were consistent with the idea that the antidiuretic hormone effect is due to the opening up of pores which will then give rise to increased passive passage of water and certain small molecules and at the same time will allow more sodium to enter the 'sodium pump', thus also increasing the active sodium transport.
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The active transport of sodium is the sole reason for the electric asymmetry of the frog skin which normally makes the inside positive relative to the outside. This can be clearly demonstrated by the short-circuiting technique (Ussing &Zerahn 1951) . The principle of the method is as follows: If identical solutions are placed on the inside and the outside of the skin and if, furthermore, the membrane potential is totally short-circuited through an external path of zero effective resistance, it is clear that only ions which are subject to active transport will pass faster one way than the other. The electric current in the total circuit must be the sum of all active ion transports going on in the system. In the frog skin the situation is particularly simple in that the short-circuit current is exactly equal to the net transport of sodium ions, a quantity which can be obtained as the difference between the sodium influx as measured with 22Na and the sodium efflux as measured with 24Na. Chloride, on the other hand, goes through at exactly the same rate in both directions. Thus the active sodium transport is the only contributor to the output of electric current. The fact that the short-circuit current is equal to the active sodium transport in the isolated frog skin makes this preparation ideally suited for the study of the relation between active transport and metabolic rate. By measuring the oxygen consumption and comparing it with the short-circuit current, Zerahn (1956) and Leaf & Renshaw (1957) were able to demonstrate that the oxygen consumption of the skin is largely determined by the rate of active sodium transport, roughly 18 sodium ions being transported for every molecule of oxygen consumed over and above the 'blank' oxygen consumption in the absence of sodium transport. A sodium transport system similar to that of the frog skin is encountered in several other epithelial tissues (for example large intestine, kidney tubules and toad bladder). Indeed it is likely that the sodium pump of epithelia is related to the cation pump which is responsible for the low sodium and high potassium content of cells in general (Koefoed Johnsen & Ussing 1958 ).
However, it has turned out that sodium is not always the only actively transported ion in epithelia. Thus active chloride transport associated with the sodium transport is found in small intestine (Curran 1960) , gall-bladder (Diamond 1962) and the rumen of ruminants (Stevens 1964 ). It has been found even in isolated skins of a South American frog (Zadunaisky & Candia 1962) and was 'observed in live frogs by Krogh (1937) .
In recent years it has become clear that in certain tissues the sodium ion may be associated not only with the active transport of chloride but also with that of organic substances like sugars (Csaky & Thale 1960) and amino acids (Csaky 1963) . These coupled transports are particularly apparent in the small intestine but are probably much more widespread. Quite recently we have come across a phenomenon which may or may not be related to these sodium-coupled active transports in the intestine, namely what amounts to a sodium-coupled active sucrose transport in the frog skin (Ussing 1966) . The phenomenon is induced by the addition of 100 to 200 millimoles of urea per litre of outside solution bathing the frog skin. Under these conditions the electric resistance of the skin drops to a low value, indicating an increase in permeability. The active sodium transport as measured by the short circuit current usually remains unchanged and the skin becomes leaky to a number of mediumsized molecules like glucose and sucrose which are normally non-penetrating. If influx and efflux of sucrose are measured simultaneously on paired pieces of the same skin it turns out that the influx exceeds the efflux by a factor of from 3 to 30. The net transport of sucrose is closely correlated with the rate of sodium transport. The phenomenon can also be elicited by osmotically active substances other than urea. Thus creatinine and even sodium chloride have a similar effect.
The most spectacular feature of this process is that sugar passes inward at the time when water is passing outward due to the difference in osmotic pressure. Thus we are not dealing with an effect of solvent drag.
The observation has a bearing on the question whether the sodium pump is in itself specific or whether it is a non-specific pump in series with a sodium-specific filter.
For the time being the evidence for a specific sodium pump is still so strong that one would be inclined to ascribe the sucrose transport to some secondary process of electro-osmotic or osmotic nature. However, the observation shows how difficult it is to single out the elementary process in the active transport phenomena.
With respect to the chemical nature of the 'sodium pump' very little can be said. There is strong, albeit indirect, evidence for the assumption that the sodium-activated ATP-ase described by Skou (1960) is in some way involved. In our previous work it has been assumed that sodium enters the epithelial cells from the outside solution by passive diffusion through a sodium selective membrane and is pumped actively from the cell toward the inside bathing solution. Some support for this hypothesis has been obtained by
Farquhar & Palade (1964) who found no ATP-ase at the outward-facing boundary of the epithelium, but a high concentration of the enzyme at the cell boundary facing the interspaces.
Dr J F Danielli (Buffalo, USA) asked whether Professor Ussing had not been assuming that all the cells in the skin had been behaving in the same way. Professor Ussing, in reply, said that they were probably not doing so. The apparent active transport of sucrose might well be due to some cells having become leaky owing to the hypertonicity.
Dr Danielli said that the only thing he objected to was categorizing the cells which apparently did the wrong thing as being unhealthy. Professor Ussing suggested that the matter could be put in a different way. The cells on the outer border were being changed in some way. Apparently a different membrane was being changed in such a way that it could admit sucrose and other things, thus demolishing the filter which would normally keep sucrose and sulphate out, and thereby these molecules, in a way, got into the pump. How the sodium transport would then further the transport of other substances was a different matter. Dr Danielli asked whether it was possible that some of the cells were picking up the exterior medium by pinocytosis, and whether what was thus picked up was sorted out. Professor Ussing agreed that this was a possibility. The difficulty was that it had been tried with different molecules and it had been found that there was a sharp cut-off at about the size of the sucrose molecule. Much larger molecules were not subjected to this particular transport. Dr Danielli said that it looked, therefore, as though there were some sort of pore-sized sieve superimposed on a non-selective uptake. Professor Ussing agreed that the process might be something like that. Dr S P R Rose (Imperial College, London) asked whether Professor Ussing could amplify the statement he had made about the ATP-ase in this system, that it was located in the internal membrane and not facing the external surface. Professor Ussing, in reply, said that Farquhar & Palade (1964) had tried with cytochemical means to localize the ATP-ase, which seemed apparently to be located along all those faces of the cells facing the interspace system. A passive entry of sodium first took place, then the transport took place on the face towards the interspace system. Dr A E M McLean (MRC Toxicology Research Unit, Carshalton) observed that the dinitrophenol studies showed not only a cessation of inward pumping of sodium, but also a very great increase in the outward flux of sodium. This, he thought, showed that one could not take dinitrophenol as having only an effect on stopping the supply of energy. It had other effects. Professor Ussing agreed with Dr McLean. He would not use it as proof of the pump being energized by the phosphate if he had not had other evidence also. Dr P J Goodford (London Hospital Medical College) asked whether exchange diffusion was still a significant factor to be considered in membrane transport. Professor Ussing replied that as far as he knew the best example was the glucose exchange in red cells, which was actually ofthat nature. Dr T H Wilson (Harvard Medical School, Boston, USA) wondered whether it was possible that the chloride exchange which occurred in all cells was by way of a highly specific membrane carrier and not by passage through a non-specific area itself. Professor Ussing agreed it was possible that such a system existed, but it was not a 'must' for cells to have chloride going through a certain channel.
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Passive Exchanges
Passive exchanges between cells and their environment depend on membrane permeability properties which do not rely directly on the expenditure of metabolic energy. The passive permeability of plant and animal cells has long been recognized to be a function of lipid solubility and molecular size. Increasing the number of hydrophilic groups in a molecule results in a marked decrease in penetration rates and most cells are impermeable to hexahydric alcohols. Such molecules, e.g. mannitol, are therefore useful as extracellular markers or as diuretics.
On physicochemical grounds sugars would be classified with the polyhydric alcohols, but, associated with an important physiological role, there appears to be a special permeability towards sugars which, although passive, has characteristics differing from those of simple diffusion. Such permeabilities have aroused great interest and wide studies have been made of their properties. Many of these permeability characteristics have been elucidated through studies with red cells, chiefly from human blood, and it is to these that reference will be made in this article.
The movement of glucose into or out from human red cells results in osmotic volume changes
